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[57] ABSTRACT

A water-condensing heat exchanger recovers heat from
a hot flue gas, subjecting tubes of the heat exchanger to
substantial thermal expansion and contraction, and cor-
rosive constituents in the flue gas require that metal
tube sheets be thoroughly insulated from the flue gas
during operation in a water-condensing mode. The heat
exchanger is constructed by heat-forming edge portions
of holes in plastic sheets through holes in tube sheets,
temporarily plugging the plastic-lined holes to limit
diametrical reduction, and entering tubes through the
plastic-lined holes sufficiently shortly after unplugging
the holes that further diametrical reduction of the holes
causes them to grip and fixedly locate the tubes relative
to the tube sheets. The method of manufacture also
concerns providing a fluroplastic coating, e.g., polytet-
rafluoroethylene, on the interior elements of the heat
exchanger to inhibit corrosion thereof; such coatings
are hydrophobic thus allowing falling condensate to be
washed away easily.

6 Clainis, 26 Drawing Figures

S
O . Y
ALY

&

L

/

|.
\.

|

e,

e
RSSNSAY

4,

Lo

102

/105



U.S. Patent Mar. 25,1986  Sheet1of11 4,577,380

FIG 4C




U.S. Patent Mar. 25,1986 Sheet2of 11~ 4,577,380

ST i" 17—
|
| ~SL 7S
| ——el V\‘-X?\%:z/g” f
a8 5Ll >
207 |
| HX
| 52/
A
J0 DVIN, /8 \
. S /!
C- PVJ"T‘"‘”'--.._Jj B OBM
I/~ ™ 0
?; DV .
i)
FIG. 3q f
N 950\_
3 — NI X
AH | ’ - J:\ 1 ‘)
el i
EM 60" T |
8k -
of ) ‘"8) "‘_""'\ f"j’ﬁ(j' y . _J
PD 4255
_ J i 3 G
§ I,
FIG 36 FIG 3c
17 l
20 MC
NN
HXB~- r ' .
—— 752 | |
v R
AM l ' '

fe |



4,577,380

‘Sheet 3 of 11

U.S. Patent Mar. 25, 1986

S

A
A4

S
SN WA N A 1 IO Y 0 O 0 A A 0 ) R T O VY L W R

M

o
O
o
o
O
Ol v
o
o
o i
= ©
"tr
o
o
O
'.l-
v

r—
£
- —
—_——— e ——
——
—— T -
——
e Lo [ — - . - _ L
.- _— — —— — e — —_— ——r -
e —
—wn _ —_— rwar
- l
— .
.
-
— e — —— “
_ .
== T —— -
—r ——— — '
) |
i [ —
W l
H — .
—" —
-
- —
—_— -
.
_ — T e — - T— -
Ll e pl T —— —
il .
.
e —— — e e —
_— - .l
- —_ - —_— .
- - —— -r ——— —
- — e '
T —— e —— N -
M i - .
= T e —— e ——— e e e - —.
e —_——— —_— A _ -
—rrn Rl P
—— — i —_——
—_—— — [ JES— -
Y . .
'
.
e Ll.lll |||.... -
.
-
g

oey

O
O
O
0
{"\J
N ==
O
(\‘ .
‘ .
Mo
b 0
Q
-
e
Q
™
-
bln

\n
-



U.S. Patent Mar. 25,1986  Sheet4 of 11 4,577,380




U.S. Patent Mar. 25, 1986

Sheet 5 of 11 4,577,380 _

57 |- 57
56 56
52 6o
- SERE BTN WEAARALIRG,
’?EEEE§§*==§‘4§"‘ L~ 63 53—t SR
S St o, e LRI
Bt e “‘*’mé “:Lﬂ
phliiesaain @ O s~ S
67—~ FEF==E====mmSF : ,
SETIZEIEIEE |66
59 sllugingljudutiuiuly r 7 68 _
~ FEEI=ISESS o ( / 4
50, iéﬁ?—-—;_ ) o
“ \ v of ; ==
50 ~~4 [
| |
FIG. 5a ==V FIG 55
gt p—1
re
I
104 01 4
| .
| ) 12
| /
| "
d .
4
e I | FIG. 7a

S
-
RN

43

102




4,577,380

Sheet6 of 11

£ - -

|M '

iy —

]
| PEY 2
w i

iy |
: *

h _ —

LT TR Y Y
d

f\\ﬁ: -~ """ PNV 7N
a0 Lir 1 . r

U.S. Patent Mar. 25, 1986

LI T




U.S. Patent Mar. 25, 1986 Sheet 7of 11~ 4,577,380

/’\ /" ™, -~ \u; —— O)
O RO (O (D
= ~~ -~ ~ =
- - oO O -
B . — L
(O O O O

FIG. 8




Sheet 8 of 11 4,577,380

U.S. Patent Mar. 25, 1986

FGy 260°
Oﬂ'
270"

|
240°

|
20"

|
/180°

103°

24

~— W

Z3

22

103°
93°

65°

Z/

| !
120° /50"

90"

G

60°

FIG. 10




U.S. Patent Mar. 25,1986  Sheet9of11 4,577,380

— A m— aus ey o
e TR —

.’ TRV rENEFy
\ e
\
\
’
f
\
J ~]
1

[
—_— e e - .
- - - — —_—— 3 - — - _—
s = = . - -
pmp— — A o S == =" - - -
—_—————=- A L R T o] T

140
N

F Tl

M0a . | LT - /44

/44

g T oMk ks wm g

(4@a-’ TTT T
fariiiyl

i | /45 b = /45a

46




U.S. Patent Mar. 25,1986

‘Sheet 100f 11 4,577,380

I ;lf T - “‘I‘ \_,/"——"[‘-" “'-"* """'“‘"“—*""""'"‘"
T - /45~ | |
-L /b |
FIG. /1o
l - . ¥ |
L — \ B
| :: M5 d5a | i /45a
;r‘%’ i
KU |\ 72777272
A~/ ESSSSS

1455

147

48a /

7707 11 07 90575
#

| 47 N /M5h /
r .

d6b

FIG. //c

"
'_1

3

Sy /L /L L L
Y b

/455

]

/44



U.S. Patent Mar. 25, 1986 Sheet 11 of 11 4,577,380

S |
I 8! GFC
1 / - IDF

ATC
cI~(2) [ -
8/
LSS
FIG [Pa
.
Iy,
IM C h 7A
_ /
754
71 )]
LY\
CHX -
- _ /
oM, | =65« o
."1'_ 6? e e SMZ 75
EXagi - 781
p _ B/
ez 10F
FAN -
68’ \
F 727 | - =)
I 1 - .
| tes . _ 3 (552
2
_ 7C2 mp2” |
WrC2 __ GFC2

FIG. 12h



4,577,380

1

METHOD OF MANUFACTURING HEAT
EXCHANGERS

This application is a division of my copending appli- 5
cation Ser. No. 406,774 filed Aug. 10, 1982, now U.S.
Pat. No. 4,487,139 issued 12/11/84 which is a continua-
tion-in-part of my application Ser. No. 252,297 filed
Apr. 9, 1981, now abandoned, and my application Ser.
No. 81,789 filed Oct. 4, 1979, now abandoned.

My invention relates to exhaust gas treatment method
and apparatus, and more particularly, to improved
method and apparatus useful not only for recovering
large amounts of heat from various industrial exhaust
gases, but also for simultaneously removing substantial 15
amounts of particulate matter and corrosive products of
combustion from such exhaust gases, thereby to reduce
alr pollution from stack emissions. The invention is
particularly directed toward such treatment of sulfur-
containing exhaust gases, such as those typically pro-
duced by burning oil or coal in furnaces, though it will
become apparent that the invention will be useful in a
wide variety of other applications. A primary object of
the invention is to provide method and apparatus which
are useful for recovering a substantially larger percent-
age of the heat contained in an exhaust gas than that
recovered in typical prior systems, which has very
important economic implications, due to the high costs
of fuels. Another important object of the invention is to
provide method and apparatus which are useful for
removing substantial amounts of particulate matter and
corrosive products of combustion from exhaust gases,
thereby decreasing pollution. Natural gas, #2 fuel oil,
#6 fuel oil, and coal, generally ranked in that order,
produce flue gases containing increasing amounts of 35
sulfur dioxide and sulfur trioxide, and particulate mat-
ter, such as soot and silica products. One object of the
invention 1s to provide method and apparatus which is -
useful in connection with flue gases produced by any of
those fuels.

In many applications it is desirable that waste heat be
used to pre-heat a liquid, such as boiler make-up water,
or industrial process water as examples, while in many
other applications it may be preferred that waste heat be
used to preheat a gas, such as air, and in some applica- 45
tions to heat both a liquid and a gas. Another object of
the invention is to provide a method which lends itself
to preheating of either a liquid or a gas or both a liquid
and a gas, and to provide apparatuses which preheat
liquid or a gas or both a liquid and a gas.

A very important object of the present invention is to
provide method and apparatus which is rugged and
reliable, and useful over long periods of time with mini-
mum attention, and minimum requirements for “‘down-
time” for cleaning or repair. |

Another more specific object of the invention is to
provide a heat exchanger which functions as a self-
cleaning gas scrubber as well as recovering increased
amounts of heat from an exhaust gas.

It long has been known that the thermal efficiency of 60
a plant or process can be increased by recovering some
of the heat energy containin the exhaust gas from a
botler furnace or the like. Flue gas commonly is di-
rected through boiler economizers to preheat boiler
feedwater, and commonly directed through air preheat-
ers to preheat furnace combustion air, in each case pro-
viding some increase in thermal efficiency. The amount
of heat which 1t has been possible to recover from flue
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gas ordinarily has been quite limited, due to serious
corrosion problems which otherwise result. Combus-
tion of oil, coal or natural gas produces flue gas having
substantial moisture, sulfur dioxide, sulfur trioxide, and
particulate matter in the cases of oil and coal. If a heat
exchanger intended to recover heat from flue gas con-
denses appreciable amounts of sulfur trioxide, sulfuric
acid 1s formed, resulting in severe corrosion. The con-
densed sulfur product can readily ruin usual economiz-
ers and air preheaters, and the exhaust stacks associated
with them. Thus prior art systems intended to recover
heat from flue gas traditionally have been operated with
flue gas temperatures scrupulously maintained high
enough to avoid condensation of sulfur products.

The temperature at and below which condensation
will occur for a flue gas not containing any sulfur ox-
ides, 1.e., the dew point due to water vapor only, is
usually within the range of 100° F. to 130° F., depend-
ing on the partial pressure of water vapor. But the pres-
ence of sulfur trioxide even in small amounts, such as 5
to 100 parts per million, drastically increases the tem-
perature at which condensation will occur, far above
that for water vapor only. For example, 50 to 100 parts
per million of SO3; may raise the dew point temperature
to values such as 250° F. to 280° F., respectfully. Thus
it has been usual practice to make absolutely certain that
flue gas 1s not cooled below a temperature of the order
of 300° F., in order to avoid condensation and corro-
sion. Such operation inherently results in an undesirably
small portion of the sensible heat energy being extracted
from the flue gas, and in absolutely no recovery of any
latent heat energy contained in the flue gas. One con-
cept of the present invention is to provide method and
apparatus for recovering heat from a potentially corro-
sive exhaust gas, such as flue gas, in a manner directly
contrary to prior art practices, using a heat exchanger
which continuously operates in a “water-condensing”
mode, allowing substantial amounts of latent heat, as
well as more sensible heat, to be recovered from the
exhaust gas. The term “water condensing” is meant to
mean that the temperature of a large percentage (and
ideally all) of the exhaust gas is lowered not only below
the sulfuric acid condensation or saturation tempera-
ture, but even below the saturation temperature of
water at the applicable pressure, i.e. below the dew
point, e.g. 120° F., for water vapor only. In a typical
operation of the mmvention where absolute pressure of
the flue gas within a heat exchanger is of the order of 0.2
to 5 inches of water, the temperature of large portions
of the flue gas 1s lowered at least below 120° F. to a
temperature of say 753° F. to 100° F., by passing the flue
gas through a heat exchanger scrubber unit. The unit
continuously condenses a large amount of water from
the flue gas, as well as condensing sulfuric acid. Parts
within the heat exchanger-scrubber unit which would
otherwise be exposed to the corrosive condensate are
appropriately lined or coated with corrosion-resistant
materials, e.g. a fluoroplastic such as “Teflon” (trade-
mark of E. I. duPont de Nemours & Co., Inc.) to pre-
vent corrosion.

When prior art waste heat recovery systems have
been operated with flue gas temperatures (e.g. 250° F.)
too near the SO3 condensation temperature, whether by
accident, or during startup, or in attempts to improve
system thermal efficiency, the occasional condensation
of SO3 tends to produce very strong or concentrated
sulfuric acid. The sulfuric acid, is extremely corrosive
and can rapidly destroy an ordinary heat exchanger.
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The volume of sulfuric acid which can be condensed 1s
small, but sufficient to keep heat exchanger surfaces
slightly moist. However, if one not only ignores prior
art practice, but operates in direct contradiction
thereto, and further lowers the flue gas temperature to

a level markedly below the SOj3 condensation tempera-

ture, to operate in the water condensing mode of the
invention, the production of large amounts of water

tends to substantially dilute the condensed sulfuric acid,
making the resultant overall condensate much less cor-
rosive, and less likely to damage system parts. Thus
operation in the water condensing mode of the mven-
tion has an important tendency to lessen corrosion of
system parts, as well as allowing large amounts of latent
heat energy to be recovered. Such dilution of the sulfu-
ric acid does not wholly eliminate corrosion, however,
so that it remains necessary to appropriately line or coat
various surfaces within the heat exchanger-scrubber
unit with protective materials.

I have disclosed that if I pass flue gas through heat
exchanger apparatus which is operating in the water
condensing mode, not only can much more heat energy
be extracted from the flue gas, and not only can the
condensate be made less corrosive, but in addition, large
amounts of particulate matter and SO3 simultaneously
can be removed from the flue gas, thereby considerably
reducing air pollution. I have observed that if flue gas 1s
cooled slightly below the sulfuric acid condensation
temperature, and if the flue gas contains a substantial
amount of particulate matter, a soggy mass of sulfuric
acid combined with particulate matter often will rapidly
build up on heat exchange surfaces, and indeed the
build-up can clog the heat exchanger in a matter of a
few hours. But if the system 1s operated in the water
condensing mode in accordance with the present inven-
tion, the production of copious amounts of water con-
tinuously washes away sulfuric acid and particulate
matter, preveniing buildup of the soggy mass. In simple
terms, the water condensing mode of operation forms a
“rain’ within the heat exchanger. The “rain” not only
entraps particles in the flue gas as it falls, but it also
washes away, down to a drain, particles which have
- lightly stuck to the wetted surfaces. Thus advantages
akin to those of gas scrubbing are obtained without a
need for the continuous supply of water required by
most gas scrubbers, and with no need for moving parts.

Yet, even in addition to recovering large amounts of
latent heat energy, greatly diluting and washing away
sulfuric acid to minimize corrosion problems, and re-
moving substantial amounts of particulate matter from
exhaust gases such as flue gas, operation in the “water
condensing” mode also enhances the heat transfer coef-
ficient of heat exchanger units used to practice the in-
vention. Heavy condensation made to occur near the
top of the heat exchanger unit runs or rains down-
wardly, maintaining heat exchange surfaces wetted in
lower portions of the heat exchanger, even though
condensation otherwise is not occurring on those sur-
faces.

Heat transfer is improved for several separate but
related reasons. Heat transfer from the gas occurs better
if a surface is wet from drop-wise condensation. Use of
a fluoroplastic such as “Teflon” promotes dropwise
condensation. Further, the constant rain within the heat
exchanger keeps the tube surfaces clean, preventing the
buildup of deposits which would decrease heat transfer.
Thus another object of the invention is to provide im-
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proved heat recovery apparatus having improved heat
transfer.

While I have found various forms of fluoroplastics to
provide very effective corrosion protection, and to
have hydrophobic characteristics which cooperate with
water vapor condensation to keep a water-condensing

heat exchanger clean, currently available forms of those
corrosion-protection materials have deformation, melt-
ing or destruction temperatures far below the tempera-

tures of some flue gases from which it is desirable to
extract waste heat. In accordance with another aspect
of the present imvention, I propose to operate a water-
condensing heat-exchanger in cooperation with another
heat exchanger of conventional type, which may be
severely damaged if condensation takes place in it. The
conventional heat exchanger can initially cool an ex-
haust gas such as flue gas down to a temperature which
is low enough that it will not damage the corrosion-pro-
tection linings of the water-vapor condensing heat ex-
changer, yet high enough that sulfur trioxide cannot
condense 1n the conventional heat exchanger so as to
damage it. Thus some added objects of the invention are
to provide improved heat recovery systems which are
useful with exhaust gases having a wide range of tem-
peratures.

Some added objects of the invention are to provide
heat exchanger modules suitable for use in the men-
tioned water-condensing mode which can be readily
combined as needed to suit a wide variety of different
flow rate, temperature and heat transfer requirements.
Another object of the invention i1s to provide a satisfac-
tory method of constructing and assembling a water-
condensing heat exchanger system.

An important further object of the invention 1s to
provide improved condensing heat exchanger systems
having improved heat transfer coefficients, so that in-
creased amounts of heat can be recovered per unit area
of heat transfer surface. More specifically, one object of
the invention is to provide condensing heat exchangers
having markedly improved heat transfer by reason of
the exhaust gas being forced vertically downwardly,
between and around horizontally-extending cylindrical
tubes which carry the fluid (water or air) being heated,
with condensation of water vapor from the exhaust gas
occurring only adjacent a lowermost group of the
tubes. Another object of the invention 1s to provide a
condensing heat exchanger having such improved heat
transfer in which effective removal of particulates also
occurs.

Another object of the invention 1s to provide a con-
densing heat exchanger in which exhaust gas flow pro-
ceeds substantially horizontally, which enables one to
provide heat exchangers having modest heights.

Another object of the invention is to provide an im-
proved exhaust gas scrubbing system requiring less
water. |

Other objects of the invention will in part be obvious
and will in part appear hereinafter. |

The invention accordingly comprises the several
steps and the relation of one or more of such steps with
respect to each of the others, and the apparatus em-
bodying features of construction, combination of ele-
ments and arrangement of parts which are adapted to
effect such steps, all as exemplified in the following
detailed disclosure, and the scope of the invention will
be indicated in the claims.

For a fuller understanding of the nature and objects
of the invention reference should be had to the follow-
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ing detailed description taken in connection with the
accompanying drawings, in which:

F1G. 11s a diagram of a heat exchanger system useful

in understanding some basic principles of the present
Invention.

FIG. 2 1s a set of graphs useful in understanding prin-
ciples of one method of the present invention.

FIG. 3a 1s a schematic diagram of one form of water
heating system according to the invention.

FIG. 3b 1s a diagram illustrating use of the invention
in connection with a direct-fired paper dryer to save
heat energy and remove particulate matter from the
exhaust gas from the paper dryer.

FIGS. 3¢ and 34 each is a diagram 1llustratmg a use of

the water-condensing heat exchanger of the present
invention together with a prior art air preheater.

FIG. 4a 15 a plan view of an exemplary heat exchange
module 1n accordance with the invention.

FIG. 4b 1s a partial cross-section elevational view
taken at lines 4b—4b 1n FIG. 4a.

F1G. 4¢ 1s a diagram useful for understanding the
heat exchange tube spacing in a preferred embodiment
of the invention.

FIG. 4d 1s a diagram illustrating one form of water
manifolding which may be used in connection with the
invention.

FIGS. 5a and 5b are front elevation and su:le elevation
views of an exemplary air heat form of water-vapor
condensing heat exchanger.

FIG. 6 illustrates an exemplary heat recovery system
utilizing a heat exchanger which heats both air and
water from boiler flue gas.

FIGS. 7a and 7b are partial cross-section views useful
for understanding a method of assembly according to
‘the present invention and the nature of tube—to—tube
sheet seals provided by use of such a method.

FIGS. 82 and 8b are side view and end view diagrams
of a gas downflow version of the condensing heat ex-

changer of the invention, and FIG. 8¢ is a side view of

a horizontal gas flow version of the invention.

FI1G. 9 15 a diagram helpful in understanding the
function of the improved downflow model heat ex-
changer of FIGS. 8z and 8b.

FIG. 10 is a set of graphs useful in understanding
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FIGS. 8ag and 8b.
FIG. 11a is a partial plan view illustrating -a heat

exchanger module incorporating an intermediate tube

support.

FIG. 115 is a sectional view of an intermediate tube
support taken at lines 1156—115 in FIG. 114,

FIG. 11c is a sectional view illustrating details of the
intermediate tube support.

FI1G. 114 1s a side view 1llustrating the intermediate
tube support sheet.

FIG. 12a i1s a diagram showing one alternative flue
gas flow control system for use with a single boiler.

FIG. 12b 1s a further alternative flue gas flow control
system for a multiple boiler system.

Some major principles of the present invention can be
best understood by initial reference to FIGS. 1 and 2. In
FIG. 1 duct 10 conducts hot exhaust gas, such as flue

gas drawn from a boiler stack (not shown) by blower B,
 to a bottom plenum or chamber 11. The flue gas passes
upwardly through one or more heat exchange units,
~such as the four units indicated at 12,13,14 and 15,
thence into an upper plenum or chamber 16 and out a
stack 17. In typical operations the flue gas velocity is
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arranged to be 10-40 feet per second within the heat
exchange units, and a gas pressure drop of the order of
one and a half to two inches of water is arranged to
occur across the heat exchange units. A fluid to be
heated, which typdically will be water or air, is shown
introduced into the uppermost heat exchange unit at 20,
understood to flow downwardly through successive
ones of the heat exchange units, and to exit at 21. For
simplicity of explanation it initially will be assumed that
water 1s to be heated, and that the hot exhaust gas 1s flue
gas from a boiler.

it will be apparent that the flue gas will be cooled to
some extent as it travels upwardly through the unit, and
that the water will be heated to some extent as it travels
downwardly through the unit. To facilitate explanation,
the range of elevations within which significant gas
cooling and water heating occur is shown divided into
four zones, Z1 to Z4. The four zones are shown for
simplicity of explanation as corresponding to the verti-
cal ranges of the four heat recovery units.

FI1G. 2 illustrates the variations of flue gas and water
temperatures in typical practice of the invention to heat
water, with the temperatures plotted against vertical
elevation. Thus the temperature of flue gas falls from an

assumed input temperature Gi of 500° F. at the bottom

of the heat exchanger system to an assumed output
temperature Gg of 90° F. at the top of the heat ex-
changer system as the flue gas travels upwardly
through the heat exchanger, as indicated by curve G.
The gas temperature plot in FIG. 2 should be under-
stood to be approximate, and in general to depict for
any elevation the lowest temperature to which substan-
tial portions of the gas are lowered at that elevation. At
any elevation above the lowermost row of tubes there

are temperature gradients, of course, and the average

temperature, if averaged over the entire cross-sectional
area of the heat exchanger at a given elevation, will be
above that plotted as curve G. Viewed in another way,
at a given elevation, such as that bounding zones Z2 and
Z3, some portions of the flue gas, such as portions near
or on a tube may have the temperature (32 at which
sulfuric acid is forming, while other portions of the gas
at the same elevation but at greater distances from any
tube may be hotter and not yet experiencing condensa-
tion. Simultaneously, water assumed to have an input
temperature W; of 35° F. at the top of the heat ex-
changer is heated to an output temperature Wg of 180°

F. by the time it reaches the bottom of the heat ex-
changer, as indicated by curve W. The ordinate scale in
FIG. 1is shown divided into the four zones Z1 to Z4. A
vertical dashed line F at 250° F. indicates a typical
temperature G, at which sulfuric acid forms in typical
flue gas obtained from burning No. 6 fuel oil. The prior
art has taught that flue gas temperature always should
be maintained amply above that level in order to avoid
production of any sulfuric acid.

Following the flue gas temperature curve G for up-
ward flue gas travel, it will be seen that the flue gas
temperature- drops from 500° F. at Gito 250° F. at Ga as
the gas passes through the two lower zones, Z1and Z2.
During that portion of its upward travel very little
condensation is occurring from the gas, but sensible
heat from the flue gas is being transferred to heat the
water. More precisely, most of the gas in zones Z1 and
Z.2 1s still too hot for sulfuric acid to condense, but some
amounts of the gas in zones Z1 and Z2 will condense
while in those zones, because condensate falling
through those zones from above will cool some



4,577,380

7

amounts of gas in those zones to the condensation tem-
perature. Even though little or no condensation from
the gas is occurring in lower zones Z1 and Z2, the
gas-side surfaces of heat exchanger tubes in those lower
zones will continuously remain wet, by reason of copi-
ous condensation falling from above. The wet condition
of those tubes causes particulate matter to tend to

lightly and temporarily stick to them, but condensate
falling from above acts to continually wash them, wash-
ing sulfuric acid and particulate matter down to the

drain (D, in FIG. 1) at the bottom of the heat exchanger

unit.
As the flue gas 1s cooled below 250° F., a typical dew

d

10

point for sulfur trioxide, sulfuric acid forms in zone Z3.

If zone Z3 were the uppermost zone in the system, the
condensed sulfuric acid would slightly wet heat ex-
change surfaces in zone Z3, and particulate matter
would build upon those slightly wetted surfaces. The
sulfur trioxide condenses to form sulfuric acid in the
assumed example, as gas travel through zone Z3 cools
the gas substantially below the acid dew point. At some
level within zone Z3 most or all of the sulfuric acid
which will be condensed, will have condensed. Just
above that level there is believed to be a range of eleva-
tions, indicated generally by bracket R 1 FIG. 2, in
which one might deem little or no condensation to be
occurring, the gas temperature being low enough that
condensation of sulfuric acid has been largely com-
pleted, but being too high for water vapor to condense
in substantial quantities. However, as the gas is further
cooled during further upward travel through zone 21,
condensation of water vapor occurs in an increasingly
copious manner. Thus all of the tubes in the heat ex-
change units are continuously wet, which not only in-
creases heat transfer, but which, at the mertioned gas
flow rate, also causes particulate matter to tend to tem-
porarily and lightly stick to the tubes, removing large
amounts of particulate matter from the gas. The water
caused by continuous condensation acts to continuously
wash the surfaces of the heat exchange tubes, washing
particulate matter and condensed sulfuric acid down to
the drain at the bottom of the system. The tubes within
the heat exchange units are arranged 1n successive rows
which are horizontally staggered relative to each other,
so that a drop of condensate falling from one tube tends
to splash on a tube below. A double form of cleaning of
the flue gas occurs, from the combined scrubbing of the
gas as it passes through the falling rain of condensate,
plus the tendency of the particulate matter to temporar-
ily and lightly adhere to the wetted tubes until conden-
sate washes it away. The thin coverings of fluoroplastic
on the heat exchange tubes not only prevent corrosion
of those tubes while allowing good heat transfer, but
because those coverings are hydrophobic, the falling
condensate is readily able to wash away particulate
matter from the tubes. Tests recently conducted by
Brookhaven National Laboratory indicate that approxi-
mately 70%=3=5% of the total suspended particulates
and 20% to 25% of the SOs is flue gas from No. 6 fuel
oil can be removed. In a typical application of the in-
vention, if say 9660 pounds per hour of flue gas from
No. 6 oil are passed through the water condensing heat
exchanger, approximately 250 pounds per hour of water
mixed with sulfuric acid and particulate matter will be
drained from the bottom of the unit. The particulate
matter in the mixture has been about 3% by weight in
tests made to date.
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The amount of sulfur trioxide in typical flue gas i1s
measured in parts per million, so that the amount of
sulfuric acid which even complete condensation of
sulfur trioxide could produce is much, much less than
the amount of water which can readily be condensed if
the flue gas is cooled sufficiently. The precise tempera-
ture at which water vapor in flue gas will condense
varies to some extent in different flue gas mixtures from
100° F. to 130° F., but it is typically 120° F.(49° C.).
Thus in accordance with the present invention, water
(or air) at or below that temperature, and preferably
well below that temperature, is maintained in a group of
tubes near the top of the heat exchanger unit, insuring
that large amounts of water vapor condense. In FIG. 2
the water temperature is assumed to rise from 35° F. to
about 75° F. as the water passes downwardly through
zone Z4. Thus substantial tube volume at the upper
portion of the heat exchanger system in FIGS. 1 and 2
contains water below 120° F.

It may be noted that in the example of FIG. 2, the
water temperature reaches the water vapor dew point
(120° F.) at substantially the same elevational level
where the flue gas temperature reaches the sulfuric acid
dew point (250° F.), and further, that the level occurs
substantially at the vertical mid-level of the heat ex-
changer. Those precise relationships are by no means
necessary.

In FIG. 2 curve D is a plot of the difference between
flue gas temperature and water temperature versus ele-
vational level in the heat exchanger unit. The tempera-
ture difference at a given level has an important bearing,
of course, on the amount of heat transfer which occurs
at that level. It 1s important to note that near the bottom
portions of the heat exchanger unit, in zones Z1 and Z2,
there 1s maximum difference between gas temperature
and water temperature and hence a maximum potential
for effective heat transfer.

It may be noted that in most systems constructed in
accordance with the invention, the flue gas exit temper-
ature, measured in chamber 16 or stack 17 in FIG. 1, for
example, will be less than the flue gas water vapor dew
point temperature of say 120° F., but in some systems
the exit temperature at such a location may exceed that
dew point to some extent, without departing from the
invention. If the heat exchanger tube and housing ge-
ometry allows some quantum of flue gas to pass through
the unit with only modest cooling, that quantum will
mix in chamber 16 with flue gas which has been cooled
sufficiently to condense large amounts of water, and
tend to raise the average or mixture temperature in
chamber 16, in the same manner that by-passing some
flue gas around the heat exchanger and admitting it to
chamber 16 would raise the average temperature in that
chamber. ~

From the above it will be seen that the method of the
invention comprises simultaneous recovery of both
sensible and latent heat from a hot exhaust gas contain-
ing water vapor, a condensable corrosive constituent
(sulfur trioxide) and particulate matter, and removal of
substantial amounts of the particulate matter and con-
densed corrosive constituent from the gas, by passing
the gas through a gas passage of a heat exchanger, si-
multaneously passing a fluid cooler than the exhaust gas
through a second passage of the heat exchanger in heat
exchange relationship with the gas passage, with the
flow rates of the gas and fluid arranged in relation to the
heat transfer characteristics of the heat exchanger so
that continuous condensation of water vapor and the
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corrosive constituent occurs, providing falling droplets
which capture and wash away portions of the particu-
late matter and condensed corrosive constituent.
While prior art economizers and air preheaters re-
quire hot mput water or air, the invention advanta-
geously can use cold water or air, and indeed, efficiency
mcreases the colder the input fluid is, with more con-
densation occurring and more latent heat being ex-
tracted from the exhaust gas. The cooler the water at
inlet 20, the lower the exit temperature of the exhaust
gas will be, the more latent heat will be recovered, the
more water vapor will be condensed from the exhaust
gas, and the more effective particulate and SO3; removal
will be, for given flow rates. Tests to date have indi-
cated that with a gas velocity of the order of 30-40 feet
per second, provision of sufficient heat exchange sur-

face area will enable one to lower the temperature of

the exiting flue gas to within about 8° F. of the input
temperature of the fluid being heated, be it water or air.
For example, with water being supplied to the heat
exchanger at 55° F., it has been possible to obtain flue

gas exit temperatures of 63° F. In most applications of

the invention 1t will not be deemed necessary to lower
the flue gas temperature to that extent, and the amount
of heat exchange surface will be selected so that with
the desired flow rates and fluid temperature the flue gas
temperature will be lowered to within the range of 80°
F.—100° F. Typical flue gases contain 5% to 12% water
vapor, depending upon the type of fuel, so if a 10,000
pounds of flue gas are passed to a heat exchanger in an
hour, that represents 500-1200 pounds of water per
hour. By operating in the water-condensing mode, sev-
eral hundreds of pounds of water will condense per
hour.

- The advantageous effect which very substantial
water condensation has on heat transfer has been illus-
trated by operating one form of the invention under two
sets of operating conditions. The unit was first operated
with flue gas produced by burning No. 2 fuel oil, with
particular inlet and outlet temperatures and flow rates
of flue gas and water. The heat recovered was measured
to be approximately 1,000,000 Btu per hour, and con-
densate flowed from the unit at approximately one-half
gallon per minute. Under such circumstances the latent
heat amounted to approximately 24% of the total heat
being recovered. Then later, flue gas produced by burn-
ing natural gas was used. The natural gas can be and
was burned with less excess air, and due to the greater
hydrogen content of the natural gas, the flue gas con-
tained a greater amount of moisture. At the same gas
and water flow rates as had been used with fuel oil
operation, the amount of condensate which flowed

from the unit was essentially doubled, to approximately

a full gallon per minute. However, the water outlet
temperature increased and the gas exit temperature
decreased, and the heat recovered had increased ap-
proximately 20%, to 1,200,000 Btu per hour. Under

3

10

15

20

25

30

35

40

45

50

55

these circumstances the latent heat amounted to approx-

imately 40% of the total heat being recovered.

In the application depicted in FIG. 3a flue gas is
drawn from the conventional stack 30 of boiler 31 past
one or more damper valves by an induced draft blower
B driven by blower motor BM, to supply the flue gas to
the bottom plenum of the heat exchange unit HX, and
cooled flue gas exits via fiberglass hood 16 and fiber-
glass stack 17 to atmosphere. The use of fiberglass stack
to resist corrosion is not per se new. Cool water from
the bottom of hot water storage tank ST, from a cold
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water supply line SL, and/or from a water main WM, is
pumped through the heat exchange unit HX by circula-
tor pump CP, and heated water from the heat ex-
changer is pumped into storage tank ST near its top.
Hot water is drawn from the top of the storage tank via
line HW for any of a variety of uses. Make-up water for
boiler 31 can be supplied from tank ST, of course, or
directly from unit HX.

If insufficient hot water is drawn via line HW, the
contents of storage tank ST can rise in temperature
enough that insufficient flue gas cooling begins to occur
In the heat exchange unit, tending to endanger the fluo-
roplastic corrosion-protection coverings and liners in
that unit. A conventional thermal sensor TS senses
outgoing flue gas temperature and operates a conven-
tional positioner PV1, which closes damper valve DV1
to decrease or terminate passage of hot flue gas to the
heat exchanger. In FIG. 3z a second positioner PV2
also responsive to thermal sensor TS is shown con-
nected to operate damper valve DV2, which can open
when stack 17 temperature climbs too high, to mix cool
ambient air with the flue gas, thereby to prevent tem-
perature within the heat exchanger from exceeding a
value (e.g. 550° F.) deemed dangerous for the corro-
sion-protective coatings. In many applications only one
or the other of the two described heat limit protecting
means will be deemed sufficient. As will become clear
below, preventing a temperature rise which would
damage the corrosion-protection coatings can instead

be done by using a conventional non-condensing heat
exchanger to cool the exhaust gas to a safe operating

temperature before the exhaust gas is passed through )

the water-condensing heat exchanger.

In FIG. 3a a spray manifold SP carrying one or a
plurality of nozzles 1s operative to spray water down
through heat exchanger HX when valve V is opened, to
wash away any deposits which might have built up on
heat exchanger tubes. Because operation in the water
condensing mode ordinarily functions to keep the tubes
clean, operation of such a spray can be quite infrequent,
and 1in some applications of the invention provision of
such a spray means may be deemed wholly unneces-
sary. In certain applications, such as where particulate
removal 1s deemed particularly important, valve V can
be 0pened to permit a continuous spray, to augment the

“rain” caused by water vapor condensation.

Practice of the invention may be carried out in order
to heat air rather than water, utilizing heat exchanger
apparatus which 1s extremely similar to that previously
described for water heating. While use of copper tubes
1s preferred for water heating, aluminum tubes are pre-
ferred for air heating. In either case corrosion-protec-
tion coatings such as a fluoroplastic, e.g. “Teflon” are
used. |

Practice of the invention is not restricted to treatment
of boiler or furnace flue gases, but readily applicable to
a variety of other hot exhaust gases. In the papermaking
industry it is common to provide direct-fired dryers in
which large amounts of ambient air are heated, ordinar-
1ly by burning No. 2 fuel oil, and applied by large blow-
ers 1o dry webs of paper. The heated exhaust air-which
has passed through the paper web contains substantial
amounts of paper particles, as well as the usual constitu-
ents of flue gas, with more than usual amounts of mois-
ture. Only a limited amount of the heated air can be
re-circulated since its humidity must be kept low
enough to effect drying, so substantial amounts of
makeup air are required. Heating outside or ambient air
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to the temperature desired for paper drying requires a
large amount of fuel. Prior art heat recovery techniques
have been clearly unsuitable in such an application.
Ambient air 1s always cool enough that passing such air
through a usual air preheater would result in condensa-
tion of sulfuric acid from the exhaust gas, causing corro-
sion, and in the presence of condensation the paper
particles rapidly stick to and build up on moist surfaces
within the heat exchanger, clogging it. I do not believe
any technique for recovering heat from a dryer has been
successful. In accordance with the present invention, as
illustrated in FIG. 3b, hot (e.g. 540° F.) paper-laden
exhaust air from a conventional paper dryer PD is
passed through the gas passage of a water-condensing
heat exchanger AH, to heat ambient air which passes
into and through the tubes of the heat exchanger from
an ambient air inlet duct 1D, whereby the ambient air 1s
heated, from an initial temperature of say 30° F. to 100°
F., up to a temperature of say 380° F. The air leaving
the heat exchanger is moved through a duct by blower
B to be used as make-up air in the dryer apparatus, and
having been significantly pre-heated in heat exchanger
unit AH, substantially less fuel 1s required to conduct
the drying process. As in the case of the water heating
systems previously discussed, sulfuric acid condenses at
one level within the heat exchanger. The condensation
entraps paper particles as well as other particulate mat-
ter, with incipient tendencies of causing severe corro-
sion and clogging, but control of flow rates in relation
to temperatures in accordance with the invention, so
that large amounts of water vapor are condensed at a
higher elevation within the heat exchanger causes a rain
to wash away the sulfuric acid-particulate matter com-
position. And as in the case of water heating applica-
tions, use of the water condensing mode increases the
amount of sensible heat recovered, provides recovery
of significant amounts of latent heat, and maintains heat
exchange surfaces wet and clean to improve heat trans-
fer.

In various applications, the hot exhaust gas supplied
by a furnace or other device may have an initial temper-
ature substantially exceeding that (e.g. 550° F.) to which
the fluoroplastic protective coatings can safely be ex-
posed, but that by no means rules out use of the inven-
tion in such applications. In FIG. 3¢ exhaust gas ema-
nating from an industrial furnace IF and assumed to
have a temperature of 950° F., 1s passed to a conven-
tional prior art air preheater AP which need not have
corrosion-protective coatings. The air preheater AP
also receives air from a heat exchanger HXA operated
according to the invention in the water condensing
mode. Heat exchanger HXA heats ambient air up to a
temperature (e.g. 360° F.) substantially above that at
which sulfuric acid will condense, and hence conven-
tional preheater AP does not experience corrosion or
clogging. Preheater AP further raises the temperature
of the 360° F. air up to a higher temperature, e.g. 550°
F., and that air 1s shown supplied to the burner of fur-
nace IF. In heating the combustion air from 360° F. to
550° F., the flue gas passing through unit AP cools from
950° F. to 425° F., the latter being a temperature which
the corrosion-protective coatings in heat exchanger
HXA can readily withstand. With ambient air entering
unit HXA at 60° F., very substantial condensation of
water vapor from the flue gas occurs 1n unit HXA, and
the same advantages of its water condensing mode of
operation as previously discussed are obtained. In FIG.
3c it is not necessary that the heated air (shown at 550°
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F.) be supplied to the same device (shown as furnace
IF) which produces the initial hot exhaust gas (shown at
950° F.); i.e. the heated air could be used for a com-
pletely different industrial process, but the arrangement
shown 1s believed to be an advantageous and natural use
of the invention. While the description of FIG. 3¢ refers
to sulfuric trioxide as a specific condensable corrosive
constituent in the exhaust gas, 1t will be apparent that
the principles of FIG. 3¢ well may find application with
exhaust gases which contain other potentially corrosive
constituents which condense at temperatures in be-
tween the material limit operating temperature of the
corrosion-protective coatings and the water vapor con-
densation temperature. A conventional non-condensing
heat exchanger can be used to lower an exhaust gas
temperature below the material limit operating temper-
ature of the condensing heat exchanger in numerous
applications where, unlike FIG. 3c, the fluid heated by
the condensing heat exchanger does not pass through
the conventional heat exchanger, and that fluid heated
by the condensing heat exchanger can be water, of
course, rather than air. In FIG. 34 exhaust gas from the
stack of furnace F2 passes through a conventional air
preheater AH, and thence through a water-condensing
heat exchanger HXB operated according to the inven-
tion, to heat water circulated through unit HXB via
lines 20,21. A thermal sensor TS2 senses the gas temper-
ature entering unit HXB and controls the flow of fluid
being heated by the conventional heat exchanger AH,
increasing that flow to decrease the temperature of the
gas entering unit HXB should it begin to rise above a
desired value. The thermal sensor 1s depicted as control-
ling the speed of a blower motor BM via a motor con-
troller MC, but it will be apparent that the thermal load
imposed on unit AH may be varied in other ways 1n
various applications, such as by positioning of a damper
valve which controls flow of the cooler fluid through
unit AH. While FIGS. 3¢ and 34 illustrate uses of water-
condensing heat exchangers with conventional or prior
art non-condensing heat exchangers, it is to be under-
stood that a water-condensing heat exchanger and a
non-condensing heat exchanger can be combined in the
sense of being mounted adjacent each other or on a
common support so as to shorten or eliminate ducting
between the two heat exchangers. The usual flue gas
exit temperature from many conventional economizes
and air preheaters is maintained at about 350° F. to
avoid condensation of SOs. It is common at many steam
generating plants to route boiler furnace gas succes-
sively through an economizer, an air preheater and a
bag house to a stack. In order to avoid serious corrosion
in the air preheater it has been necessary to preheat
ambient air before it enters the conventional air pre-
heater. Such preheating conventionally has been done
by means of steam coils in the inlet air duct. In accor-
dance with the invention, such steam coils may be elimi-
nated. A water-condensing heat exchanger installed to
receive flue gas which has passed through the conven-
tional air preheater may be used to heat ambient air and
supply it to the conventional air preheater at a suffi-
ciently high temperature that no condensation Or corro-
sion will occur 1n the conventional air preheater. Many
industrial boilers use economizers to heat boiler feed
water, and in many cases such boilers require 50-75%
cold makeup water. The water-condensing heat ex-
changer of the invention may be installed to receive the
flue gas exiting from the economizer at say 350° F.,
which normally has been expelled through a stack, to
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heat the boiler makeup water before the water goes to
the de-aerator associated with the boiler.

It should be understood that while temperatures of
the order of 500°-550° F. have been mentioned as suit-
able upper limits with currently available fluoroplastic

materials, that such limits may rise as the thermal prop-

erties of fluoroplastics are improved in the future, or as
other materials having higher material limit operating
temperature become available.

Because the heat transfer surface area which is re-
quired varies widely between different applications, it is
highly desirable that water-condensing heat exchangers
be made in modular form. FIGS. 4a and 45 illustrate one
examplary module. Outwardly facing channel-shaped
members 40,41 of formed sheet steel form rigid side
members, and carry bolt-holes 42,42 in upper and lower
channel flanges, allowing as many modules as may be
needed to provide a destred heat transfer surface area to
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be stacked vertically atop one another and bolted to-

gether. The unit includes two tube sheets or end plates-

43,44 which are bolted to the side members 40,41, as by
means of bolts 45,45. Each tube sheet is provided with
four outwardly-extending flanges along its four respec-
tive edges, such as flanges 432 to 434 shown for tube
sheet 43 in FIG. 4b. In the module depicted each tube
sheet carries 8 rows of holes, with 18 holes in each row,
with the holes in alternate rows staggered as shown,
and 144 tubes 48,48 extend between the two tube sheets,
extending about 2.81 inches outside each tube sheet. In
one successful embodiment the outside diameter of each
tube, with its corrosion-protection coating was 1.165
inches, the tubes in each row were spaced on 1.75 inch
centers, the tubes in successive rows horizontally stag-
gered 0.875 inch, and the vertical distance between tube
centers was 1.516 inch, as shown in FIG. 4¢, making the
center-to-center distance between tubes in one row and
tubes in an adjacent row also 1.75 inch. In FIG. 4c¢ the
centers of the three tubes shown, two of which are in
one row and the other of which is in an adjacent lower
row, lie on the vertices of an equilateral triangle. With
that tube size and horizontal spacing, it will be seen that
a view verticaily through the module is fully occluded
by the tubes, except for narrow (e.g. 7/16 in.) strip
spaces adjacent the channel side members 40,41. Except
in those narrow strip spaces upward passage of gas
necessarily requires the gas to be deflected horizontally,
promoting turbulence, and condensate which drips
from a tube in any upper row tends to drip onto the
center of a tube which is two rows lower. With the
length of each tube inside the module equal to 54 inches,
and the outside diameter of each tube equal to 1.125
inch, each tube has a surface area inside the module of
1.33 sq.ft., providing a heat transfer surface for all 144
tubes of 190.8 sq.ft. within a volume of approximately
13.5 cu.ft. Each tube comprised a Type L (0.050 in.wall
thickness) copper water tube of nominal 1 inch inside
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diameter having an actual inside diameter of 1.025 inch

and an outside (uncoated) diameter of 1.125 inch. Each
tube was covered with a 0.020 inch (20 mil.) thick layer
of fluoroplastic, namely FEP “Teflon” (fluorinated
ethylene propylene). The inside wall of each channel
member and the inside walls of the two tube sheets were
lined with 0.060 inch (60 mil.) thick fluoroplastic,
namely tetrafluoroethylene (TFE) “Teflon”, and hence
all surface area within the module is protected by a thin
fluoroplastic covering. Tube sheet 43 carries a 60 mil
layer of tetrafluoroethylene fluoroplastic not only on its

inside surface visible in FIG. 454, but also on the upper
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surface of its upper flange 42q, the lower surface of its
lower flange 424, and the leftside and rightside (in FIG.
4b) surfaces of flanges 426 and 42c¢, and tube sheet 44 is
covered with Teflon in the same manner. Channel
shaped side members 40,41 carry a 60 mil layer of tetra-
fluoroethylene fluoroplastic not only on their vertical
(in FIG. 4b) inside surfaces 40a,414, but also on the top
surfaces 405,415 of their upper flanges and the lower
surfaces 40c,41c of their lower flanges. Thus fluoroplas-
tic-to-fluoroplastic joints exist between the channel-
shaped side members 40,41 and the side flanges of the
tube sheets where they are bolted together. The fluoro-
plastic coverings for the tube sheets and side members
are formed by cutting fluoroplastic sheet material to
size, and then heating it sufficiently to make the 90-
degree bends necessary to cover the flanges. Three
modules of the type described were vertically stacked,
to provide 572 sq.ft. of heat transfer surface area, in a
system intended to handle a flue gas flow of 9660 lbs.per

hour, with a gas mass flow of 0.762 lbs.per second per

sq.ft. of open gas passage area. The velocity of the flue
gas within the heat exchanger should be high enough to
provide turbulent flow to insure good heat transfer, but
not so high as to cause abrasion of the fluoroplastic
coatings or to blow large amounts of condensate up the
stack. Velocities within the range of 10-40 feet per
second have proven suitable in the unit described. It
should be recognized that smaller or larger velocities
may be quite suitable in many applications of the inven-
tion, |

The corrosion-prevention covering has been applied
to the heat exchanger tubes by heat-shrinking, or ex-
truding techniques generally well known. After buffing
a straight section of copper (or aluminum) tube to clean
it and t0 remove any burrs, tetrafluoroethylene fluoro-
plastic tubing approximating the length of the metal is
slid over the metal tube. Next, a short end length por-
tion of several inches of the metal tube, covered with
the fluoroplastic tubing extending slightly beyond the
end of the metal tube, is immersed in a tank of propylene
glycol heated to 330° F. Only the short length is im-
mersed and heated for several seconds, causing the
fluoroplastic tubing to shrink tightly about the short
length of immersed metal tube. Only after the short end
length of fluoroplastic has shrunk, is it safe to further
immerse the assembly; otherwise heated propylene gly-
col might enter between the fluoroplastic tubing and the

exterior surface of the metal tube. Once the short end

length of tubing has shrunk, the metal tube-fluoroplastic
tubing assembly may be lowered further into the propy-

‘lene glycol bath to its full length, typically at a rate of

about 1 foot per second. Because the heated propylene -

glycol flows inside the metal tube as well as surround-

ing the outside of the fluoroplastic tubing, uniform heat-
ing and shrinking occurs. After the full length has been
immersed for 2-4 seconds the assembly may be re-

moved from the tank. The fluoroplastic tubing increases

in length as it shrinks in diameter, so that after heat
shrinking it extends beyond the ends of the metal tub-
ing, and may be cut off. The corrosion-prevention cov-
erings alternatively can be applied to heat exchanger
tubes by using hot air to heat shrink the coverings, or,
the coverings may be extruded directly onto the tubes.

After a sheet of fluoroplastic has been bent to sur-
round the flanges of a tube sheet, holes are punched

through the fluoroplastic sheet concentric with the

holes in the tube sheet, but with a smaller diameter. The
holes in each steel tube sheet each have a diameter (e.g.
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1.28 inch) which exceeds the outside diameter of the
covered tubes by 0.060 in. (60 mils) the thickness of the
fluoroplastic covering on the tubes, but the holes
punched in the fluoroplastic tube sheet are each sub-
stantially smaller, e.g. 0.625 inch in diameter, as is
shown in FIG. 7a, where portions of the tetrafluoroeth-

ylene fluoroplastic sheet 101 initially cover portions of
a hole in tube sheet 43. The edge of the hole in the tube

sheet is preferably made slightly beveled on the inside
of the tube sheet, as best seen at 102 in FIG. 7b, but flat
or perpendicular on the outside of the tube sheet, as
shown at 103. Next, a tapered electrically heated tool
104 is used to extrude portions of the fluoroplastic sheet
through the holes in the steel tube sheet. The metal tool
104 had a rounded nose small enough (e.g. 0.375 inch)
to enter a 0.627 inch hole in the fluoroplastic sheet 101,
and rearwardly from the nose the tool tapers gradually
upwardly to a constant diameter d equalling the outside
diameter of the fluoroplastic-covered tubes to be used.
The tool is heated to 780° F. With the tool nose inserted
into a hole in the fluoroplastic sheet, as shown in FIG.
7a, tool 104 is urged lightly against the fluoroplastic
sheet by an air cylinder (not shown). As the tool heats
the edges of the hole in the fluoroplastic, the tool 1is
gradually advanced by the constant force from the air
cylinder. As the constant diameter portion of the tool
nears the fluoroplastic sheet, tool advancement tends to
slow or stop until the fluoroplastic is further heated, and
then the tool suddenly pushes through, after which
further tool advancement is prevented by a stop (not
shown). The fluoroplastic then lines the hole in the
metal tube sheet with a 30 mil thick lining, with some
fluoroplastic extending on the outside of the tube sheet.
The tool is held extending through the tube sheet for
about 15 seconds while fluoroplastic on the outside of
the tube sheet further heats, and then the tool 1s rapidly
retracted out of the tube sheet. Retraction causes a
collar or bead having a diameter exceeding that of the
hole i1n the tube sheet to be formed around the hole on
the outside of the tube sheet, as indicated at 105 in FIG.
7b. The rounding or beveling of the tube sheet hole on
its inside edge helps prevent the fluoroplastic sheet from
cracking as the tool is forced into the hole. The perpen-
dicular edge of the hole on the outside of the sheet tends
to impede inward flow of soft fluoroplastic as the tool 1s
retracted, and consequent forming of the collar or bead
105.

Immediately (e.g., within 6 seconds) after the heated
tool 104 is retracted, a plug having the same outside
diameter as the fluoroplastic-covered tube to be used is
inserted into the tube sheet hole through which fluoro-
plastic has been extruded, to prevent any decrease in
diameter. Cylindrical plugs formed of many different
materials can be used, but short lengths of fluoroplastic-
covered copper or aluminum tubing cut from a tube
covered as previously described are preferred. Thus
FIG. 7b can be deemed to illustrate a tube sheet hole
carrying such a plug, if item 48 is deemed to be a short
length of fluoroplastic-covered tube.

When all of the holes in two tube sheets have been
processed in such a manner, a pair of side members
40,41 and a pair of tube sheets are bolted together into
their final configuration. Then the fluoroplastic-cov-
ered tubes are slid through mating pairs of holes in the
two tube sheets in the following manner. The plug is
removed from a hole in tube sheet 43, one end of a tube
48 is promptly inserted into the hole from the outside of
the tube sheet 43, and the tube promptly urged inwardly
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until its entry end nears tube sheet 44 at the other end of
the module. The tube can be manually urged through
the hole in tube sheet 43 if that is done within 2 or 3
minutes after the plug has been removed. As the entry
end of the tube nears tube sheet 44, the plug in the
proper hole in tube sheet 44 is removed by another

person at the tube sheet 44 end of the module, and the
entry end of the tube can be pushed through the hole in
tube sheet 44 to its final position, with two persons at

opposite ends of the module pushing and pulling on the
tube. That it generally requires two strong persons to
slide the tube when it 1s installed in both tube sheets
indicates the tightness of the fit which occurs. Hydrau-
lic rams or the like can be used, of course, to facilitate
insertion of the tubes. While insertion of a tube can take
place over a time period of several (e.g.,3) minutes, use
of less time tends to be advantageous. But in any event,
insertion of the plugs into the fluoroplastic-lined holes
in the tube sheets to prevent diametrical reduction until
no more than a few minutes before a tube 1s installed, is
deemed very important. With a plug maintained in each
fluoroplastic-lined tube sheet hole from the time when
the fluoroplastic is extruded through the hole until just
before a tube is inserted in the hole, no diametrical
reduction of the fluoroplastic-lined hole begins until the
plug is removed. Diametrical reduction occurs slowly
enough after a plug has been removed that there 1s time
to urge a tube into place if it is done promptly enough,
and then, importantly, after a tube is in place further
diametrical reduction occurs, so that the TFE (tetraflu-
oroethylene) collar and hole lining in a given tube sheet
hole tightly grips the FEP (fluorinated ethylene propy-
lene) layer on the tube, clamping the tube very tightly in
place, so that it cannot be removed except with extreme
force. No other mechanism or clamping devices are
used to hold the tubes in place, so that the tubes can be
deemed to mechanically float relative to the tube sheets,
being clamped only by the fluoroplastic collars. Such an
arrangement has proven to accommodate the expan-
sions and contractions which heating and cooling cause
to occur, with no loss of integrity in the fluoroplastic-
to-fluoroplastic seals.

In order to provide one water inlet and one water
outlet for a heat exchanger constructed of modules of
the nature shown in FIGS. 4a-4c¢, it is necessary, of
course, to provide return bend connections on the ends
of some of the tube ends extending out of the tube
sheets. Conventional U-shaped copper return bends are
sweated on the ends of the tubes to make such connec-
tions. The equilateral triangle spacing of the tubes ad-
vantageously allows a single type of return bend con-
nection to be used either to connect tubes in the same
row or to connect tubes in adjacent rows. While it
might be possible in some applications to provide water
flow serially in one path through all of the water tubes,
most applications will utilize manifolding into plural
water paths, to provide better and more uniform heat
transfer, and to avoid tube erosion from high water
velocities. For example, in a system using three modules
of the 18 by 8 tube matrix shown in FIGS. 4a-4¢, water
was introduced into nine of the 18 tubes in the upper-
most row and directed through the remaining nine tubes
in that row through a series of return bends, providing
flow paths as diagrammatically indicated in FIG. 4e,
where arrows indicate inlet flow from a simple manifold
MA (e.g. a 3-inch pipe), and circles represent connec-
tions to tubes of the adjacent lower row. Nine separate
flow paths through the heat exchanger were provided
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in such a manner to accommodate water flow of 70
gallons per minute at a water velocity kept under 4 feet
per second to avoid erosion. The overall water flow
rate which is desired may vary widely in different appli-
cations. Because the tubes are straight inside the mod-
ule, with all return bends connected outside the tube
sheets, modules fabricated to be identical ultimately
may be used to accommodate flow rates within a large
range, which advantageously leads to economies in
fabrication and stocking.

When most heat exchangers utilize return bends in-
side a heat exchanger chamber or housing, the use in-
side the module of FIGS. 4a-4¢ of only straight cylin-
drical sections of tubes has further significant advan-
tages. Cleaning of the tubes by the falling condensate 1s
more thorough and uniform because no return bends or
extended surfaces are used. The use of solely straight
sections also makes heat-shrinking or extrusion of fluo-
roplastic on the tubes practical.

In FIGS. 3a and 56 exhaust gas is conducted via inlet
duct 50 into the lower plenum 51 of a water-condensing
heat exchanger for upward passage between nests of
fluorinated ethylene propylene fluoroplastic-covered
aluminum tubes into fiberglass upper plenum 56 and out
fiberglass stack 57. Each tube extends through the two
tube sheets supporting its ends. An inlet air duct 52
covers one end of an uppermost group of tubes 62. The
- other ends of tube group 62 and the ends of a next lower

group of tubes 63 are shown covered by hood or cover
63, so that air exiting from tube group 62, rightwardly in

FIG. 5a, 1s returned through tube group 64, leftwardly
in FIG. Sa. Similar hood means 65-69 similarly reverse
the direction of air flow at opposite sides of the assem-
bly. Air from the lowermost group of tubes 70 passes
into outlet duct 71. FIGS. 54 and 5b illustrate a system
~1in which air passes through the heat exchanger seven
times, for sake of illustration. In actual practice one to
five passes ordinarily has been deemed adequate. The
insides of the tube sheets, slide members, and the covers,
and the inside of plenum 51, are lined with corrosion-
protection lining, as in the case of water-heating ex-
changers. Though not shown in FIGS. 5@ and 55, it will
be apparent at this point, that if desired, spray nozzles
can be provided inside the air-heating heat exchanger of
FIGS. Sa and 5b for the same purposes as were men-
tioned in connection with the water-heater heat ex-
changer of FIG. 3a.

In the system shown in FIG. 6 a water condensing
heat exchanger BHX arranged to heat both combustion
air and boiler makeup water comprises six vertically-
stacked modules 61-66. Ambient or room air enters
module 63 and the upper half of module 62 through an
inlet duct 67, makes one pass across the heat exchanger,
and is directed by return plenum or hood 68 back
through the tubes in module 61 and the top half of mod-
ule 62, into ducting 70 which connects to the inlet of a
forced draft fan FDF.

The upper three modules 64-66 of heat exchanger
BHX preheat boiler makeup water. The water flows
from a cold water main source 71 to an inlet manifold
IM which distributes the water laterally across the top
row of tubes in module 66 in seven water flow paths
which progress horizontally and vertically through
modules 64-66 to outlet manifold OM. Flue gas enters
lower plenum 72 of heat exchanger BHX through duct
73, and passes upwardly through modules 61 to 66 in
succession, into fiberglass upper plenum 74 and thence
out fiberglass stack 75. The heat recovery system of
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FIG. 6 is intended to accommodate flue gas, combus-
tion air and makeup water flow rates prevailing in a
boiler system having two boilers B1,B2, which system
produces a maximum of 50,000 pounds per hour of
steam firing No. 6 fuel oil at 15% excess air and with
67% makeup water, and an average of 30,000 pounds
per hour. Flue gas is pulled from the stacks of the two
boilers by a single induced-draft fan IDF, with the
amount of flue gas being drawn from each boiler being
controlled by a respective damper, 76 or 77, which is
controlied by a respective modulating positioner, MP1
or MP2, and the modulating positioners are controlled
by the load on a respective boiler using conventional
pneumatic control signals from a convenrtional boiler
control system. The modulating positioners are set so
that under full load conditions dampers 76 and 77 are
fully open and all of the flue gas produced by each
boiler is directed to heat exchanger BHX. If fan IDF
were to pull more flue gas than both boilers are produc-
ing, either the boiler excess air would increase or out-
side air would be drawn down the boiler stacks, in
either case decreasing efficiency. To avoid those prob-

lems, dampers 76 and 77 decrease the amount of flue gas

drawn from each boiler when its load is decreased. the
modulating positioners MP1 and MP2 close their re-
spective dampers when their associated boilers are shut
down, and they are interlocked with induced-draft fan
IDF to close their dampers if fan IDF is not running,

and then all flue gas will exit through the boiler stacks.

The ducts 78,80 containing dampers 76,77 merge to a
common duct 81. Damper 82 in duct 81 regulates the
total amount of flue gas going to heat exchanger BHX
depending upon the combustion air and makeup water
demand rates. Damper 82 is modulated to control the
temperature of the pre-heated makeup water exiting
from exhanger BHX at a desired set point (180° F.), by
sensing the water temperature at its exit from unit BHX
to operate a proportional servomotor SM1. Damper 82
1s normally fully open, allowing all of the flue gas being
produced by the boilers to pass through heat exchanger
BHX, but during rapid transient conditions, or during
periods of reduced makeup water requirements, more
heat may be available from the flue gas than can be
utilized to preheat the combustion air and makeup wa-
ter, in which case the temperature of the water exiting
from heat exchanger BHX will start to rise, but servo-
motor SM1 then will begin to close damper 82 to main-
tain the exit temperature of the water from heat ex-
changer BHX at the desired setpoint. Since the flue gas
passes first through the lower air-heating section and
then through the water-heating section, where the input
water temperature (e.g.46° F.) is lower than the input
air temperature (e.g.85° F.), maximum heat recovery is

- obtained. A further modulating damper 83 ahead of the
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induced draft fan operates to limit the temperature of
flue gas by admitting sufficient room air to mix with the
flue gas that the inlet temperature of the flue gas to heat
exchanger BHX does not exceed the safe operating
temperature (e.g.500° F.) for the fluoroplastic corro-
sion-prevention materials which line heat exchanger
BHX. Temperature sensor TS3 senses the flue gas tem-
perature at the exit of fan IDF to control the position of
damper 83 via servomotor SM2. If the temperature of
the flue gas is 500° F. or less, damper 83 will be fully
closed.

The flue gas passes from fan IDF through a short
section of ducting 73 into bottom plenum 72, and thence
upwardly through heat exchanger BHX first heating
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combustion air and then heating boiler makeup water,
and copious condensation occurs, providing numerous
advantageous effects heretofore described. Drain line D

at the bottom of unit BHX includes a transparent sec-
tion of tubing 85 through which the color of the con- 5
densate may be observed.

A dial thermometer DT1 located in stack 75 indicates
fuel gas exit temperature, which typically varies be-
tween 90° F. and 200° F., depending upon boiler load.
Temperature sensor TS4 also located at stack 76 serves 10
to shut down the heat recovery system by closing
damper 82 if the flue gas exit temperature should exceed
200° F.

Simple BTU computers receive water and air temper-
ature and flow rate signals and compute the amounts of 15
heat recovered. At an average steam load of 30,000
pounds per hour, the combined amount of heat recov-
ered is 3,463,000 Btu per hour. Prior to use of the con-
densing heat exchanger the average steam load of
30,000 pounds per hour required an average fuel con- 20
sumption of 256 gallons per hour of No.6 fuel (148,000
Btu per gallon) with a boiler efficiency of 80%. Utiliz-
ing the water-condensing heat exchanger 29.3 gallons
per hour of fuel are saved, a savings of 11.5%.

The lower housing (11 in FIG. 1, for example) com- 25
prises a simple steel sheet housing completely lined with
60 mil TFE fluoroplastic, with its flanges aiso covered
with fluoroplastic in generally the same manner as 1n
the tube modules. The lower housing may take a variety
of different shapes in various applications. An upper 30
section (e.g. 1 foot) of drain D which connects to the
bottom of the lower housing is also preferably formed
of TFE fluoroplastic tubing. When No.6 oil 1s used as
boiler fuel, the condensate is black due to the large
amount of particulate matter and SO3 removed from the 35
flue gas, while use of natural gas as boiler fuel provides
a virtnally clear condensate due to the very small
amounts of particulate matter in the flue gas.

It is believed that flue gas flow velocities up to 60 feet
per second will be quite workable, and that flue gas 40
pressure drops across a water-condensing heat ex-
changer of 3 inches of water should be workable.

It may be noted that the head exchanger units de-
picted in FIGS. 1-6 each have been described as em-
ploying upward flow of the exhaust gas and downward 45
flow of the fluid (water or air) which is to be heated. 1
have discovered that substantially more heat can be
extracted from the exhaust (flue) gas in a heat exchanger
of given heat exchange surface area if both of those
flows are reversed, i.e. if flue gas i1s arranged to pass 50
downwardly through the chamber and the fluid to be
heated passes generally upwardly through successive
ones of the generally horizontal tubes.

In the heat exchanger of FIGS. 8a and 8b flue gas
forced through inlet duct 28 by blower BL enters an 55
upper housing 29 and then passes downwardly through
a plurality of tube modules 32-35 into a bottom plenum
36, and then through an outlet duct 37 to a stack (not
shown). Each module is shown for sake of simplicity as
having only four rows of tubes, and 1t will be apparent 60
that many more rows can be provided in each module.
Cold water introduced into lower tubes as at 25 flows
generally upwardly through successive tubes of succes-
sive modules, and hot water exits near the top of the
heat exchanger, as at 26. It may be seen in terms of 65
construction that the system of FIGS. 82 and 8b difters
from that of FIG. 1 almost solely in that the directions
of flows of the two fluids are reversed in a vertical, or
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top-bottom sense. One initially would assume that such
reversals would have little or no effect on heat recov-
ery, and that perhaps the system of FIG. 1 might pro-
vide slightly better heat transfer by reason of the con-
densate giving up some of its heat as 1t cascades down
over lower tubes. But it has been found that the arrange-
ment of FIGS. 82 and 8b provides a surprising improve-
ment in heat recovery over that of the system of FIGS.
1 and 2. To facilitate further discussion, the system of
FIGS. 1 and 2 will be characterized as a “‘gas upflow”
system, and the systems of FIGS. 82,85,9 and 10 will be
called a “gas downflow” system. In the operation of a
gas downflow condensing heat exchanger according to
the invention, water (or air) at or below, and preferably
well below the flue gas water condensation temperature
e.g.120° F. (49° C.), is maintained in a group of tubes
near the bottom of the heat exchanger unit, insuring that
large amounts of water vapor condense in that lower
portion of the heat exchanger.

It is believed that the gas downflow system provides
an improvement in heat transfer of approximately 50%
over that of the gas upflow system, so that in a given
installation a gas downflow system requires only about
two-thirds as much tube surface heat transfer area as a
gas upflow unit requires. Such a decrease in required
tube surface area drastically decreases the cost of a
given installation, of course, which has important eco-
nomic implications. While the principal reason for the
surprising increase in heat transfer 1s not certain, one or
more of the following theories may account for it.

In the gas upflow unit of FIG. 1 where maximum
condensation occurs adjacent the top of the unit, the fall
of condensate through the entire vertical length of the
unit causes substantially all of the tube external surface
area to continuously remain wet. It is believed to be
possible that such wetting of tubes by the falling con-
densate in the gas upflow unit of FIG. 1 may act to
undesirably shield tubes from the hot exhaust gas,
thereby decreasing heat transfer in comparison to that
in a gas downflow system. Conversely, in the gas down-
flow unit of FIGS. 84 and 8b, condensation of water
occurs only adjacent a bottom group of tubes, say in 10
bottom rows of a unit having 40 rows, for example, so
that any such “shielding” is much less.

In the gas upflow unit of FIG. 1 where maximum
condensation of water occurs adjacent an uppermost
group of tubes, drops of water fall through the entire
zone within the unit where the average flue gas temper-
ature is above water condensation temperature, and as
they fall they remove some heat from the flue gas
stream. As some drops of water reach very hot flue gas
in the portion of the unit, they will be partially or fully
vaporized, and the resulting stream then will travel
upwardly with the flue gas until it reaches a level at
which it will again condense. Thus some water particles
likely repeatedly fall and rise within the gas upflow heat
exchanger. Vaporization of a drop of water in the lower
portion of the heat exchanger removes some heat from
the flue gas, so that the average temperature of the flue
gas as it passes upwardly through the unit 1s less than 1t
would be if the drops of water were not present, and a
lesser average flue gas temperature limits the amount of
heat which can be extracted. In the gas downflow sys-
tem of FIG. 8a wherein condensation of water occurs
only adjacent a group of tubes at the lower portion of
the unit, virtually all drops of water fall into the bottom
plenum without passing through he zones where flue
gas temperature is above water condensation tempera-



4,577,380

21

ture, so that heat is not extracted from the flue gas
stream to heat or vaporize drops of water, and hence
the average temperature of the flue gas during its travel
through the heat exchanger is higher than in the system
of FIG. 1, and more heat is extracted from the flue gas. 5

Assume that the tubes shown at a in FIG. 9 represent

~various of the tubes 1n a group of bottom rows of tubes

of the gas downflow unit of FIG. 8a. Further assume
that condensation of water occurs generally adjacent
the rows of tubes at a, but that condensation of water 10
does not occur adjacent tubes above those of group a,
such as those partially shown at b. Condensation of
water will not occur adjacent the tubes of group b if the
flue gas temperature is roughly 120° F. or higher in that
area. Condensation of sulfur trioxide to form sulfuric 15
acid will occur adjacent some of the tubes of group b,
however, since it typically occurs at temperatures of the
order of 250° F. The amount of sulfuric acid which
condenses 1s very small, of course, in comparison to the
amount of water condensed in the lower portion of the 20
heat exchanger. The tubes on which sulfuric acid forms
technically might be slightly moist, but essentially dry
compared to those tubes where water condensation
occurs.

But returning now to the bottom group of tubes at a, 25
note that with water traveling upwardly through the
tubes, the water in the tubes in row #10 1s hotter than
that in the tubes of row #9, that in the tubes in row #9
is hotter than that in the tubes of row #S8, etc. Thus a
drop of condensate falling from a tube in one row of 30
group a to the second lower row in group a falls to a
tube having a lower temperature, and in doing will
transfer some heat to that lower tube. That water-to-
~water heat transfer, which is potentially much more
efficient than gas-to-water heat transfer, may explain 35
the surprising improvement in heat transfer which oc-
curs in a gas downflow unit.

While it was initially believed that maximum conden-
sation was required near the top of a heat exchanger, to
provide a substantial “rain” throughout most of the 40
height of the heat exchanger, if effective removal of
particulates from the flue gas was to be accomplished, it
1s belhieved that effective particulate removal also can be
accomplished with a gas downflow system. While con-
clusive test data has not been gathered to evaluate par- 45
ticulate removal in the gas downflow system, it is be-
lieved that the gas downflow system may provide even
better particulate removal than a gas upflow system, for
the following reasons.

A dry solid particie will tend to be swept along in, 50
and to remain in, the flue gas stream, no matter the
direction of the flue gas stream, if the weight of the dry
sohid particle remains sufficiently small compared to its
effective surface area. If a dry solid particle joins a
droplet of moisture, the then wetted particle-droplet 55
combination tends to have a greater weight (or mass)
per unit of effective area. If that mass per unit area
becomes great enough, the particle-droplet combination
will tend to leave the flue gas stream, by reasons of
several mechanisms. For example, if the flue gas stream 60
were traveling horizontally in a duct of sufficient
length, the particle-droplet combination would eventu-
ally reach the bottom of the duct by reason of gravita-
tional acceleration. If the gas stream receives a substan-
tial change in direction, say from straight down to hori- 65
zontal, the momentum of the particle-droplet combina-
tion will tend to cause i1t to continue vertically, into the
bottom plenum of a gas downflow unit. In such a case,
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- gravitational acceleration adds to the momentum pro-

vided by gas velocity, aiding separation of the particle-
droplet combination from the flue gas stream. And once
a dry solid particle joins a droplet of water in the bot-
tom section of gas downflow heat exchanger, there is no
tendency for that solid particle to separate from the
water droplet, because the particle-droplet combination
does not thereafter pass through an area in which the
droplet can be evaporated. If the gas stream instead
progresses upwardly, gravitational acceleration op-
poses the momentum which the upward gas velocity
initially provides. With less particle-droplet momentum
and with no 90° bend in the gas stream direction, there
1s much less chance for momentum to remove a parti-
cle-droplet combination from the flue gas stream. Fur-
ther, 1n the case of a gas upflow unit, a given particle-
droplet combination formed adjacent the upper section
of the heat exchanger necessarily must fall to and
through the lower section of the heat exchanger to be
removed from the flue gas stream. Since that lower
section contains flue gas substantially above water con-
densation temperature, the water droplet portions of
many particle-droplet combinations will re-evaporate,
leaving dry small-mass solids which will be swept up
the stack unless they later happen to join with other
droplets of water which fall through the lower section
of the heat exchanger without being re-evaporated.

As previously mentioned, in the gas downflow heat
exchanger, sulfuric acid can condense on tubes above
those where water condensation occurs. However, the
gas velocity continuously tends to blow acid droplets
downwardly, eventually onto lower tubes where copi-
ous water condensation is occurring, or into the bottom
plenum 36. With the gas velocity kept reasonably low,
at 50 feet per second or less in typical installations,
condensed droplets of sulfuric acid tend to fall to the
bottom plenum 36, until they are washed away by con-
densed water, rather than being swept horizontally
along outlet duct 37 and up the stack. It may be noted
that once a droplet of sulfuric acid condenses in the gas
downflow unit of FIG. 8a, it moves only downwardly,
toward a lower temperature area, and hence it cannot
re-separate ito SOj3 or H;O.

In FIG. 8a the heat exchanger is shown including an
optional nozzle 38 extending into duct 30 to introduce a
scrubbing liguor into the flue gas stream. The liquor
reacts with the sulfur dioxide in the flue gas, thereby
removing sulfur dioxide from the gas which exits from
outlet duct 37. With a built-in scrubber, the user can
burn a much lower grade of fuel oil or coal containing
substantial sulfur and still meet given restrictions on
stack emissions. The liquor contaimng sulfur oxides falls
to the bottom of the heat exchanger, and the continuous
condensation of substantial amounts of water on the
lower group of tubes prevents it from accumulating in
the bottom of the heat exchanger. The introduction of
scrubbing liquor into a flue gas stream to remove sulfur
dioxide is not per se novel; however, prior systems
utilizing such a technique required that very large
amounts of water be supplied and injected into the flue
gas stream. Use of a water-condensing heat exchanger
constructed according to the present invention obviates
any need for a substantial water source for such scrub-
bing, as well as providing the important heat recovery
heretofore described herein.

The tube modules used in the gas downflow system

of FIG. 82 may be identical to those described for use '

with gas upflow condensing heat exchangers. The



4,577,380

23

lower plenum 36 and outlet duct 37 are preferably
formed of fiberglass. The upper chamber 31 may be, but
need not be formed of fiberglass, since no condensation
occurs in that chamber. Like gas upflow units, gas
downflow condensing heat exchanger units may be 5
constructed to heat air instead of water, or both air and

water, and gas downflow units may be connected in

series with non-condensing heat exchangers in the same
manner as has been described above for gas upflow

condensing heat exchangers. The techniques heretofore 10
described for limiting the temperature to which the
fluoroplastic is exposed may be used with gas downflow
condensing heat exchangers as well as gas upflow con-
densing heat exchangers. -

FIG.10 illustrates the variations of flue gas and water 15
temperature in one successful embodiment of a gas
downflow heat exchanger in typical practice of the
invention to heat water. Temperatures of flue gas and
water are plotted against vertical elevation within a
downflow unit with four heat exchanger modules. Thus 20
the flue gas temperature falls from an mput temperature
FG of 260° F. at the top of the heat exchanger to an
output temperature FGo of 93° F. at the bottom of the
heat exchanger as the gas travels downwardly through
the heat exchanger, as indicated by curve FG. The gas 25
temperature plot in FIG. 10 should be understood to be
~ approximate for all points, and in general to represent
for any elevation the lowest temperature to which sub-
stantial portions of the gas are lowered at that elevation.

At any elevation below the topmost row of tubes there 30
are temperature gradients, of course, and the average
temperature, if averaged over the entire cross-sectional
area of the heat exchanger, will be above the plotted as
curve FG. Simultaneously, water having an input tem-
perature Wi of 65° F. at the bottom of the heat ex- 35
changer flows upward and 1s heated to an output tem-
perature Woof 95° F. at the top of the heat exchanger as
shown by curve W in FIG. 10. The vertical scale 1n
FIG. 10 represents modules Z1 to Z4 of the heat ex-
changer. A vertical dashed line S at 250° F. represents 40
a typical temperature FG» at which sulfur trioxide con-
denses out of the flue gas as sulfuric acid from flue gas
formed by the burning of No.6 fuel o1l

Following the flue gas temperature curve FG for
downward flue gas flow, it can be seen that the flue gas 45
cools to the sulfuric acid dewpoint FGy (250° F.) 1n
zone 4 of the heat exchanger. As the gas exits zone 4, it
has a temperature of about 180° F. Thus most if not all
of the sulfuric acid will have condensed by the time the
flue gas enters zone 3. As the gas passes through zone 3, 50
the heat transfer is essentially sensible as the tempera-
ture is above the dewpoint of water. The solid vertical
line at 103° F. represents the dewpoint of water at the
time of the tests. As the gas enters zone 2, the heat
transfer is still sensible, but as the flue gas cools to 103° 55
F. water starts to condense and the heat transfer be-
comes latent. Passing from zone 2 to zone 1, the flue gas
cools to a temperature FGg of 93° F. as it exits the héat
exchanger unit.

The sulfuric acid condensate formed in zone 4 falls to 60
the bottom of the heat exchanger under the influence of
gravity and aided by the force of the flue gas’ down-
ward flow. As the sulfuric acid falls through zones 3-1,
the temperature inside the heat exchanger is always
below the dewpoint temperature for sulfuric acid. This 65
prevents the acid from re-evaporating and escaping
through the exhaust stack as a gas. Water condensing in
zones 2 and 1 also falls to the bottom of the heat ex-
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changer where it dilutes the sulfuric acid and carries it
out ‘of the unit through the condensate drain.

In various applications it becomes necessary or desir-
able to provide heat exchanger modules generally of the
type heretofore described, but which have substantially
greater length dimensions, such as 20 feet. As the
lengths of modules exceed a given dimension, it be-

comes necessary or desirable to provide one or more
supports for the tubes in between the tube sheets to
prevent sagging and fatigueing of the copper tubes.

The module shown in plan view in FIG. 11a com-
prises first and second tube sheets 43,44’ which may

take the same form as tube sheets 43 and 44 of FIGS. 4a
and 4b and have their insides and four respective flanges
covered with a fluoroplastic as previously described.
Tube sheets 43,44’ are interconnected by successive
pairs of side members 140,141 and 142,143. Each of the
side members comprises a generally channel-shaped
piece of sheet metal having an integral tab portion fill-
ing its recess at one end, as shown at 140z and 1424, for
example. The inner sides of the side members are cov-
ered with a fluoroplastic sheet which is formed to cover
the tops of the upper flanges of the side members and
the bottoms of the lower flanges of the side members.
The tab portion 140z of member 140 is bolted to the tab
portion of side member 142 by a plurality of boits, such
as those shown at 150,150, and side member 141 1s simi-
larly bolted to side member 143, with an intermediate

support plate 144 sandwiched in between the pairs of

side members.

As is shown in FIGS. 115 and 11c, support plate 144,
which is preferably formed of aluminum, is sandwiched
between two sides 145q,145b of folded fluoroplastic
sheet 145, the edges of which extend beyond the lower
edge of sheet 144, and which are heated-welded to-
gether below those edges. Such heat welding of sheet
145 prevents flue gas from reaching the upper and
lower edges of support sheet 144. Sheet 145 extends

laterally substantially co-extensively with sheet 144.

When support plate 144 and sheet 145 are bolted be-
tween the side member pairs as shown in FIG. 114, the
vertically-extending side edges of sheet 144 are not
subjected to flue gas; hence sheet 145 need not extend
beyond or be formed around the side edges of sheet 144,
though it may be so formed, if desired.

Support plate 144 includes a plurality of holes 48,48’
through which the fluoroplastic-covered tubes of the
module eventually extend. After the folds of sheet 143
have been heat-welded together to locate plate 144
therebetween, undersize holes 48 are punched through
the folds of sheet 145, concentric with the holes in sup-
port plate 144. A heated die of the nature of die 104 1n
FIG. 7a is then forced through each of the concentric
trios of holes. The die is forced in opposite directions
through various of the trios of holes, preferably in op-
posite directions through any adjacent trios of holes. In
FIG. 11c wherein the die was forced upwardly as
viewed in that figure, a portion of sheet 145a is urged
through the hole 484’ to form a seal at 147 generally
similar to that shown in FIG. 76, and a portion of sheet
1455 is formed to extend away from the support plate
144, as at 148. In adjacent hole 485’, through which the
die was forced downwardly as viewed in the figure, a
portion of sheet 1455 is forced through hole 485, and a
portion of sheet 145z is formed to extend away from the
support plate 144. Plug means (not shown) are placed 1n
the holes as soon as such forming has been completed,
to prevent holes 484,480 in sheets 1454,1456 from
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shrinking in diameter, and the plugs are removed just
before fluoroplastic-covered tubes TU are urged
through holes 48. The tubes TU then will be tightly
gripped by both sheets 1452 and 145b, as well as being
gripped at tube sheets 43,44 (FIG. 4b).

While the module in FIG. 11a is shown as comprising
only two pairs of side members 140,142 with a single
intermediate support plate 144 sandwiched between
them, it will be apparent that added pairs of similar side
members and added support plates of the same type may
be cascaded to form heat exchanger modules of any
desired length, and to allow use of tubes of very great

lengths. |
In F1G. 115, the edges of sides 145a,145b of sheet 145

10

are heat-welded together with a 20 mil thick strip 146 of 15

PFA fluoroplastic film sandwiched in between them.
Sheet 145 comprises TFE fluoroplastic. Strip 146 is
used because pieces of TFE fluoroplastic will not weld
together. Support plate 144 could comprise a steel
- sheet, if desired.

In FIG. 8¢, which illustrates a horizontal gas flow
condensing heat exchanger, similar reference numerals
are used for parts similar to those in FIGS. 8z and 86.
Hot flue gas introduced via duct 28 into plenum 29 by
means of a blower (not shown) passes generally hori-
zontally, rightwardly, but very slightly downwardly,
successively through four modules 32-35 into outlet
plenum 36 and then out through stack 37. Cold water
introduced at pipe 25 passes successively through hori-
zontally extending tubes in the modules, and hot water
exits at pipe 26. The U-shaped couplings which inter-
connect the ends of pairs of the horizontally-extending
tubes are shown at 632,63a. The flow of flue gas will be
seen to be perpendicular to the horizontal direction in
which the tubes extend. The water tubes are preferably
interconnected so that water flow is divided into a plu-
rality (e.g.4) of flow paths stacked one above another.
Condensation of water from the flue gas occurs princi-
pally in the rightward or exit module 35. Condensate
dripping from the upper tubes of module 35 may effect
some shielding of lower tubes in that module so as to
slightly decrease the heat transfer, but in an amount
much less than in a gas upflow unit. An optional nozzle
apparatus for introducing a scrubbing liquor is shown at
38. The modules 32-35 may be constructed identically
to those described in connection with FIGS. 4 and 45,
or, they may comprise modules of substantially lesser
width (lesser height in FIG. 8¢). For example, while the
modules shown in FIG. 8¢ each contain twelve rows, it
will be apparent that fewer rows but more modules
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“could be provided, resulting in a heat exchanger having

less height but a greater horizontal dimension, which is
often advantageous when one must fit a condensing
heat exchanger into an exisiting boiler installation. Con-
densation of water from the flue gas then may be ar-
ranged to occur in the last several of the lower-height
modules. With such lower height modules, falling con-
densate shields fewer tubes. Further, condensate falling
from one tube always falls to a tube carrying water
which 1s cooler, or about the same temperature, so that
the system of FIG. 8¢ may operate in a manner quite
similar to the apparatus of FIGS. 8z and 8b. The gas
entry end of the heat exchanger is supported slightly
higher than the gas exit end of the heat exchanger,
giving the unit a tilt of the order of 10 degrees, so that
condensate falling downwardly will run nghtwardly (in
FIG. 8¢) to drain D. The sharp right-angle turn which
the gas flow experiences at bottom plenum 36 and stack
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37 tends to aid separation of particulates from the gas
stream. Inasmuch as the gas, water flow and condensate
falling conditions in the device of FIG. 8¢ should rather
closely resemble those of the gas downflow heat ex-
changer of FIGS. 8z and 8b, it is expected that the heat
transfer of the FIG. 8¢ device will be very nearly the
same.

An improved flue gas flow control system illustrated
in FIG. 12a includes a differential temperature control-
ier DTC responsive to two temperatures T and T>
sensed by temperature probes TA and TB. Temperature
probe TA 1is located 1n stack S in between the boiler and
the connection of duct 81 to the stack, so that probe TA
measures boiler flue gas output temperature (or that
from an economizer, not shown, if one is used). Probe
TB 1s located 1n duct 81, and it measures a lower tem-
perature. The normal function of controller DTC is to
control damper 76 so that all of the flue gas produced
by boiler Bl, plus a small amount of outside air drawn
down stack S, are drawn by induced draft fan IDF and
supplied to condensing heat exchanger BHX. The heat
exchanger shown in FIG. 12c¢ is assumed, for sake of
explanation, to heat both water and air. At a reference
steady-state operating condition, such flow of flue gas
and air provides a given difference AT between temper-
atures T and T, the latter temperature, of course,
being lower.

As boiler load increases to provide more flue gas
from the boiler, temperature T tends to increase, by
reason of flue gas constituting a greater percentage of
the mixture being drawn into duct 81. Flue gas tends to
constitute a greater percentage of the mixture because
there 1s less restriction to flow of flue gas into duct 81
than restriction to flow of outside air down the length of
stack S. As temperature T3 increases, making the tem-
perature difference AT smaller, a signal from controller
DTC commensurate with temperature difference AT
operates to open damper 76. When damper 76 opens
sufficiently, enough cool air from the stack mixed with
all of the flue gas produced by the boiler to restore the
temperature difference. Conversely, as boiler load de-
creases to provide less flue gas, temperature T tends to
decrease by reason of flue gas constituting a lesser per-
centage of the mixtue being drawn into duct 81, and the
increased temperature difference AT causes controller
DTC to act to close damper 76. Thus the system of

'FIG. 12 tends to draw all the available flue gas from the

boiler, and importantly, to do so without affecting nor-
mal operation of the boiler.

In FIG. 12a the signal from differential temperature
controller DTC is shown applied to control positioner
MP1 through a low signal selector LSS and two pairs of
contact C1,C2. Selector LSS shown also receiving a
signal from air temperature controller ATC and a signal
from water temperature controller WTC. Controller
ATC provides a signal commensurate with the tempera-
ture of heated air leaving heat exchanger BHX, and
controller WTC provides a signal commensurate with
the temperature of heated water leaving heat exchanger
BHX. Selector LSS is operative to select the smallest of
the three signals applied to it and to use that selected
signal to control the position of damper 76. In ordinary
operation, the signal from controller DTC controls the
position of damper 76, but if outlet water temperature
or outlet air temperature exceeds a given respective
setpoint, selector LSS uses the output from controller
WTC or controller ATC to partially close damper 76,

thereby limiting the water or air outlet temperature. A
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pair of contacts C1 are opened if the boiler s shut off for
any reason, and a pair of contacts C2 are opened 1f fan
IDF is not running, and the opening of either pair of
contacts causes damper positioner MP1 to fully close
damper 76.

FIG. 125 illustrates a system generally similar to that
of FIG. 12 a except that the heat exchanger CHX of
FIG. 12b is fed flue gas from two separate boilers B10
and B11. Each boiler is provided with respective gas
flow control system (GFC1 or GFC2) similar to gas
flow control system GFC of FIG. 124, a respective
damper and modulating positioner, and a respective low
signal selector. The water temperature controller WTC
in FIG. 12b applies its signal to both low signal selector
circuits, and the air temperature controller ATC applies
its signal to both low signal selector circuits.

It will thus be seen that the objects set forth above,
among those made apparent from the preceding de-
scription, are efficiently attained. Since certain changes
may be made in carrying out the above method and 1n
the constructions set forth without departing from the
scope of the invention, it is intended that all matter
contained in the above description or shown in the
accompanying drawings shall be interpreted as illustra-
tive and not in a limiting sense.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:

1. The method of fabricating a heat exchanger which
comprises the steps of: heat-forming edge portions of
holes in a plastic sheet having a plurality of holes to
extend through and line holes in an adjacent metal sheet
having holes which register with respective holes in
said plastic sheet; inserting respective plug means in
each plastic-lined hole before the plastic lining of the
hole has cooled to limit diametrical reduction of the
plastic-lined holes; removing said plug means from said
holes; and entering the end of a respective tube through
each plastic-lined hole sufficiently soon after removal of
the plug means from the hole that the progressive dia-
metrical reduction of the plastic-lined holes allows said

d

10

15

20

25

30

35

40

45

50

)

60

65

28

end to be entered through said plastic-lined hole but
then causes the plastic-lined hole to grip and fixedly
locate said tube relative to said metal sheet.

2. The method of claim 1 wherein said plastic sheet
comprises a fluoroplastic. |

3. The method of claim 1 wherein said holes in said
metal sheet are circular.

4. The method of claim 1 wherein said holes in said
plastic each have an initial diameter less than the respec-
tive holes with which they register in said metal sheet,
and wherein said step of heat-forming comprises forcing
a heated die against said edge portions of respective
ones of said holes in said plastic sheet to extrude plastic
through the holes in said metal sheet with which said
respective ones of said holes in said plastic sheet regis-
ter. |

5. The method of claim 4 which includes the step of
retracting said die from said plastic-lined hole before the
plastic lining the hole has cooled.

6. The method of fabricating a heat exchanger which
comprises the steps of: heat-forming edge portions of
holes in a plastic sheet having a plurality of holes to
extend through and line holes in an adjacent metal sheet
having holes which concentrically register with respec-
tive holes in said plastic sheet, thereby to form a plastic-
lined metal sheet assembly; inserting plug means in each
hole before the plastic lining has cooled to limit diamet-
rical reduction of the plastic-lined holes; spacing a pair
of said plastic-lined metal sheet assemblies fixedly apart
and parallel to each other; removing said plug means
from said holes; and entering an end of a plastic-covered
tube successively through a plastic-lined hole in each of
said plastic-lined metal sheet assemblies sufficiently
shortly after removal of the plug means from said holes
that the progressive diametrical reduction of said plas-
tic-lined holes allows said end to be entered through
said plastic-lined holes but then causes said plastic-hned
holes to grip and fixedly locate said plastic-covered
tube.

% x ¥ X %
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